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HAZE-RESISTANT LOW-EMISSIVITY COATINGS

FIELD OF THE INVENTION
The present invention relates to transparent film stacks of the type commonly applied to
window glazings or the like and has particular utility in connection with low emissivity

coatings.

BACKGROUND OF THE INVENTION
Low emissivity coatings are well known in the art. Typically, they include one or more layers
of an infrared-reflective film and one or more layers of dielectric material. The Infrared-
reflective films, which typically are conductive metals such as silver, gold or copper, help
reduce transmission of heat through the coating. The dielectric materials are used, for
example, to reduce visible reflectance and to control other properties of the coatings, such as
color and visible transmittance. Commonly used dielectric materials include oxides of zinc,

tin, indium, bismuth, and titanium.

U.S. Patent 4,859,532, issued to Oyama, et al. describes one simple low emissivity
coating. The patent describes a five-layered transparent coating having a zinc oxide layer
formed directly on the substrate, which is typically a sheet of float glass or the like. A second
silver layer is, formed on the zinc oxide layer. A third zinc oxide layer is formed on the
second silver layer. A fourth silver layer is formed on the third zinc oxide layer. Finally, a fifth
zinc oxide layer is formed on the fourth silver layer. The thickness of the first and fifth zinc
oxide layers is said to be 200-600 angstroms while the thickness of the thirq, middle zinc
oxide layer is said to be 400-1200 angstroms. Both of the silver layers are 60-250 angstroms
thick, with a range of 80-100 angstroms being said to be preferred. In coatings of this nature
wherein the whole dielectric film region between the two silver layers is formed by a single
zinc oxide layer, film defects may be more likely to extend through the entire thickness of this

middle dielectric region.

It is often necessary to heat glass sheets to temperatures at or near the melting point of the
glass to temper the glass or to enable the glass to be bent into desired shapes such as motor
vehicle windshields. Coated glass articles often must be able to withstand high temperatures
for periods of time up to several hours. Tempering, as is known, is particularly important for

glass intended for use
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as automobile windows and particularly for use as automobile windshields. Upon

breaking, tempered windshields desirably exhibit a break pattern in which they

‘shatter into a great many small pieces rather than into large, dangerous sharp

shards. Tempering temperatures on th'e order of 600°C and above are required.

- Film stacks employing silver as an infrared-reflective film often cannot withstand

such temperatures without some deterioration of the silver film. To avoid this

problem, glass sheets can be heated and bent or tempered before they are

coated, and later can be provided with the desired metal and metal oxide
coatings. Particularly for bent glass articles, though, this procedure may produce
non-uniform coatings and is costly. |

One further problem encountered during temperihg is the development of a

haze within the film stack. - It appears that this hazing Is associated with the

- growth of crystals within the layers. When layers are initially deposited (e.g., via

magnetron sputtering), they tend to have either a fairly amorphous microsiructure
or a rather small grain size. At the elevated temperatures associated with
tempering, the crystals in these layers are believed to grow larger until they
become large enough to have a direct effect?on the light pa'ssing therethrough.
This, it is surmised, causes haze in the coating when it is :treated at elevated
temperatures. = | i

If the 5-layer Oyama et al. fim st%ck were tem'pered at elevated
témperatures, it is rather likely that the silver layers would be oxidized sufficiently

- to render the resulting coated glass article unsellable. Even if the film stack were
modified to protect the silver layers, the! tempering likely would reduce

tr:a:nsmittance of the coating due to the development of a haze in the dielectric
Zn0O layers. The impact of this haze on the ‘quality of the glass coating would

- depend on the tempering profile — longer times at elevated temperatures- will
further increase the hazing problem while shorter, cooler 6ycles will minimize
(though not eliminate) the hazing probiem.

The above description pertains primérily to effortsi to produce glass
structures useful as architectural glass or glass for automobile windows, in which

the glass structures in use are not usually su;bjected to high temperatures after



CA 02602675 2007-09-20

WO 2006/105419 PCT/US2006/011973

10

15

20

25

30

they have once been tempered or bent. Coatéd glass sheets' may aiso find utility
as windows for ovens of various types in which the windows are subjected to
repeated heating and cooling cycles as the ovens are heated and cooled during
normal usage. A gjodd ekarhple of such USagé IS a self—cl'eaning Kitchen 6ven In
which the oven temperature may be repeatedly raised to cooking temperatures of
250°F to 450°F with frequent excursions to, e.g., 900°F during cleaning cycles.
An oven window of this type should be transparent to enable one tb see through it

into the oven. It should be highly reflective in the infrared range to retard heat loss

from the oven and help keep the exterior of the oven from getting too hot. Further,

it must be resistant to deterioration resulting from repeated temperature
escalations while exposed to the conditions of humidity and chemical (food) oven

conditions.

SUMMARY OF THE INVENTION

In some embodiments, the invention provides a sheet-like substrate having
first and second gen’eral:-oppbsed major é.urfaceé, at least one of the major
surfaces bearing a low-emissivity coating. The coating comprises, in sequence,
frOm the substrate outwardly: a) an inner dielectric layer; b)a  first infrared-
reflective layer; ¢) a middle coat comprising a {first zinc tin oxide film region, a tin
oxide film region, and a second zinc tin oxidegfilm region, wherein said tin oxide
film region is positioned between said first and-é, second zinc tin oxide film regions:
d) a second infrared-reflective layer; and e) an puter dielectric Iz'ayer.

The tin oxide film region preferably has a thickness of less than 100
angstroms, more preferably between about 5 angstroms and about 80 angstroms,
and opti’mally between about 30 angstroms and about 70 angstroms. The first and
second zinc tin oxide film regions preferably have a combined jthic‘kness of at least

about 300 angstroms. The first and second zinc tin oxide film regions are also

- preferably each sputter deposited from one or more fargets each comprising

sputterable material containing between about? 11% and about 16% tin by weight
with the remainder being zinc. The second Infrared-reflective layer is also
preferably pdsitioned directly over the second zinc tin okide film region. A blocker
layer can also be disposed between the first infrared-reflective layer and the
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middle coat. Also, all the film regions of the middle coat Cén oqntain at least some

tin oxide in some embodiments.

In other embodiments, the invention provides a sheet-lii<e substrate having
first and second generally-opposed major surfaces, at least one of the major
surfaces bearing a low-emissivity 'coating, the coating comprising two infrared-
reflective silver-containing layers separated by a middle coét, the middle coat
comprising two zinc tin oxide film regions separated by a tin oxide film region, the

-tin oxide film region having a thickness of less than 100 angstroms. The tin oxide

film region preferably has a thickness of between about 30 angstroms and about

- 70 angstroms.

In other embodiments, the invention prdvides a method of producing a
coated glass article, the method comprising: a) providing a glass sheet; b) forming
a coating on a major surface of the glass substrate by dep"ositing the following film
regions in sequence from the major surface outwardly: i) an inner dielectric layer:
i) a first infrared-reflective layer; iii) a middle coat comprising a first zinc tin oxide
film region, a tin oxide film region, and a second zinc tin oxide film region: iv) a
second infrared-reflective layer; and v) an outer dielectric layer. The tin oxide film
region is preferably deposited at a thickness fof less than 100 angstroms, more

preferably deposited at a thickness of between about 5 angstroms and about 80

-~ angstroms, and optimally deposited at a thickngss-~ of between about 30 angstroms

and about 70 angstroms. The first and second zinc and tin oxide film regions are "
also preferably deposited at a combined thickness of at least about 300

“angstroms. The first and second zinc tin oxide film regions are preferably each

‘sputter deposited from one or more targets each comprising sputterable target |

material containing between about 11% and about 16% tin ‘by weight with the
remainder being zinc. Additionally, the second infrared-refléctive film region is
preferably deposited directly over the second zinc tin oxide film region. A blocker
layer Is also preferably deposited between the first infrar:ed-reﬂective film region
and the middle coat. Also, all of the film regions of the middle coat can contain at

least some tin oxide in some embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic cross-sectional view of one embodiment of a film stack in
accordance with the invention.

Figure 2 is a schematic cross-sectional view of another embodiment ot a film stack
in accordance with the invention.

Figure 3 is a schematic cross-sectional view of yet another embodiment of a film
stack 1n accordance with the invention.

Figure 4 is a view of an apparatus for depositing a film stack in accordance with the
invention.

Figure 5 is a view of an apparatus for depositing a film stack in accordance with the

Invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following detailed description is to be read with reference to the drawings, 1n
which like elements in different drawings have been given like reterence numerals. The
drawings, which are not necessarily to scale, depict selected embodiments and are not
intended to limit the scope of the invention. Skilled artisans will recognize that the
examples given have many useful alternatives that fall within the scope of the invention.

Figure 1 schematically illustrates a substrate 12 bearing a coating in accordance
with one embodiment of the invention. It should be understood that this drawing is
intended merely to illustrate concepts of the invention and the thicknesses of the various
layers in the drawing are not to scale. The substrate 12 in this drawing comprises a coating
of the invention applied to a surface 14. While opaque substrates may be used, it 1s
anticipated that for most applications of this invention, the substrate 12 will comprise a
transparent or translucent material such as glass or a clear plastic. The substrate i1s
preferably a sheet-like substrate. While the substrate could take any form, one particularly
suitable application for the invention is in windows, such as those used in architectural
applications, automobile windshields, and oven doors, to name but a few examples.

An inner dielectric layer 20 is applied on the surface 14 of the substrate 12.

This inner dielectric layer may be of any desired composition. As described in U.S. Patent

5,296,302,
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suitable dielectric layers for this purpose include oxides of zinc, tin, indium, bismuth,
titanium, hafnium, zirconium, and alloys thereof. While oxides are generally preferred due
to their ease and low cost of application, other diclectric materials such as metal nitrides
could be used if desired.

The inner dielectric layer 20 may comprise a single layer of a single dielectric
material, as shown. If such a single layer is used, it is generally preferred that this inner
dielectric layer be formed of an oxide of zinc or an alloy or mixture thereof, such as a
mixture of zinc oxide and bismuth oxide or tin oxide. It should be understood, though, that
the single layer 20 shown in Figure 1 may be replaced with two or more layers ot different
dielectric materials. While the exact composition of this inner dielectric layer is beyond the
scope of the present invention, it is generally preferred that at least a thin layer of zinc
oxide be applied as an outermost layer (i.e., the layer farthest away from the substrate 12
and immediately adjacent the first infrared-reflective layer 30) as this is believed to
enhance the optical properties of the film stack, at least if silver is used as the layer 30. In
some preferred embodiments, the inner dielectric layer 20 is the only layer between the
substrate and the first infrared-reflective layer 30, and the inner layer consists essentially of
a zinc tin oxide layer, optionally having a thickness of less than about 190 angstroms,
perhaps preferably less than about 170 angstroms, and perhaps optimally less than about
140 angstroms.

The next layer in the coating of Figure 1 is the first infrared-reflective layer 30.
This first infrared-reflective layer is contiguous to, i.e., in direct physical contact with, the
inner dielectric layer 20. Any suitable infrared-reflective material can be used for this

layer. Silver, gold and copper, as well as alloys thereof, are the most commonly used

infrared-reflective layers. It is preferred that the infrared- reflective layer 30 be formed of
silver or silver combined with no more than about 5% gold, palladium or platinum. The
infrared-reflective layer can also be formed of silver combined with no more than about

5% nickel, preferably no more than about 2% nickel, and perhaps optimally no more than

about 0.2% nickel.
In order to protect the infrared-reflective layer during application of subsequent

layers and during any tempering operation, a first sacrificial layer 32 1s
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desirably applied over and contiguous to the first reflective layer 30. The primary purpose
of this sacrificial layer 32 is to protect the underlying infrared-reflective layer 30 trom
chemical attack. Any material which is more readily oxidized than is the infrared-retlective
layer may be used as such a sacrificial layer. In most commercial applications, a thin layer
of titanium metal is applied, with the majority of that titanium metal being converted to a
titanium oxide of varying stoichiometry during deposition of subsequent layers of the
coating. In one particularly preferred embodiment, though, the sacrificial layer 32
comprises a layer of niobium deposited at a thickness sufficient to protect the infrared-
reflective layer 30 from degradation both during sputtering of subsequent layers and from
degradation during high temperature applications or tempering. Suitable thicknesses for
such niobium layers range from 7-25 angstroms, with a range of about 12-18 angstroms
being preferred. While this is not illustrated in Figure 1, such a niobium sacrificial layer
may also be provided under the infrared-reflective layer 30. Barrier layers of niobium used

in transparent film stacks are discussed in some detail in PCT International Publication No.
WO 97/48649.

The intermediate dielectric stack (or "middle coat") 40 is positioned between the
first infrared-reflective layer 30 and a second infrared-reflective layer 60. This intermediate
dielectric stack is formed of a plurality of intermediate/dielectric layers. While the number
of intermediate dielectric layers can be varied as desired, it 1s preferred that there be three
such layers in the intermediate dielectric stack. While any suitable number of layers may
be used in this intermediate dielectric stack 40, in one embodiment which has been found

to work well, there are only three intermediate dielectric layers, with the bottom and top
layers of this stack 40 both comprising zinc tin oxide, wherein a tin oxide layer 1s
sandwiched between the two noted zinc tin oxide layers of the middle coat.

In one specific embodiment of the invention, the intermediate dielectric stack
comprises alternating layers of a first dielectric (e.g., zinc tin oxide) and a second dielectric
(e.g., tin oxide). In the configuration shown in Figure 1, the intermediate dielectric stack 40

includes a first intermediate layer 42, third intermediate layer 44 and fifth intermediate

layer 46 each formed of a first
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dielectric material, and a second intermediate layer 52 and fourth intermediate

layer 54 each formed of a second dielectric material. While additional layers of

any other material (e.g., a relatively thin Iayeﬁ of silica) can be included at any

point deemed appropriate within the first stacki40, it is preferred that each of the

llustrated layers be applied contiguous to %at least one other layer of the
intermediate dielectric stack 40. Hence, in the embodiment shown in Figure 1, the
second intermediate layer 52 preferably is contiiguous to both the first intermediate
layer 42 and the third intermediate layer 44. Sirhilarly, the fourth intermediate layer
o4 preferably is contiguous to the third intérmediate Iayezr 44 and the fifth
Intermediate layer 486. : ‘

For reasons discussed below, it is E)referred that each layer of the
intermediate stack have a different microstructure from each dielectric layer

contiguous thereto, preferably by forming contiguous layers of different materials.
When provided, the first, third and fifth intermediate layers (42, 44 and 46,

respectively) can optionally be formed of the same material, such as zinc tin
oxide. Similarly, the second and fourth intermediate layers (52 and 54,

respectively) are desirably formed of the same dielectric material, such as tin

~ oxide.

Care should be taken to ensure that none of the layers of the intermediate
dielectric stack 40 are too thick. Preferably, eajch of these layers is kept relatively
thin. It is preferred that the thickness of each :;of these layers be maintained well
beneath one-quarter of the wavelength of thé light of primary interest. If the
substrate is used as a window, for example, h’laximizing transmission of visible
light and reducing visible haze is paramouht. As visible light is generally
considered to be 3,000-7,000 angstroms in wavelength, each of the layers can
optionally be less than about 700 angstroms in optical thickness. (Optical
thicknesé., which is a measure of the optical effect of a thin film on light transmitted
therethrough, is the product of the physical thickness of the layer and the index of
refraction of the material comprising the :Iayelf. For examplg, a 200 angstroms
layer of zinc tin oxide having an index of refraction of about 20 will have an optical
thickness of about 400 angstroms.) In the present coatings, it is believed that a
maximum physical thickness of about 350, angstroms is desirable, with a
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maximum physical thickness of no more than about 300 angstroms being
preferred.

If crystals in thin films become too Iérgei It Is believed that they will scatter .
light passing therethrough even if they are not so large as to exceed a quarter of
the wavelength of the light.  Accordingly, to minimize the’ likelihood of such
destructive and unattractive scattering, each of the intermediaté dielectric layers of
the intermediate dielectric stack 40 desirably have an optical tHickness of no more
than about 700 angstroms, with a maximum physical thickness of about 350
angstroms being preferred and a maximum physical thickness of about 300
angstroms being particularly preferred. While each layer is desirably no thicker
than this maximum, all of the i=ayers need not have the same thickness.

Ih its simplest form, the invention merely requires that the intermediate
dielectric stack be formed of a plurality of intermediate dielectric layers comprising
a tin oxide film region between two film regions comprising zinc tin oxide. In one
particular version of this inventionc, noted above, the intermediate dielectric stack
s formed of alternating layers of a first dielectric (e.g., zinc tin oxide) and a second
dielectric (e.g. tin oxide). It is particularly preferred that the first and second
dielectrics of this embodiment have an index of refraction which is relatively close.
As these dielectrics desirably comprise different materials, it is unlikely that the
Indices of refraction will be identical. Nonetheless, in a film stack according to this
preferred embodiment, care should be taken to select dielectric materials which
have indices of refraction relatively close to one another. Preferably, the index of
refraction of these two materials should be within 10% of one another. Stated
another way, the index of refraction of one”of the two dielectrics should be
between about 90% and 110% of the index of refraction of .the other dielectric
material.

- Pure zinc oxide is a polycrystalline material when applied in thin films via
magnetron sputtering. Treating zinc oxide films at high temperatures, such as in
tempering operations, tends to promote relatively frapid crystal growth. If a coating
has zinc oxide layers that are too thick, this can contribute significantly to haze.

Figure 1 illustrates a “double-silver” film stack which  includes a second
Infrared-reflective Iayer'60 carried atop the intermediate dielectric stack 40. As
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noted ébove, a sacrificial layer of niobium or any other suitable nucleation layer
can be disposed between the intermediate dielectric stack 40 and the infrared-
reflective layer 60. If so desired, the outermost dielectric layer of the intermediate
dielectric stack can be formed of an oxide sputtered from a target consisting
éssentially of zinc and tin.

The materials useful in forming the first infrared-reflective layer 30 are also
useful in forming the second infrared-reflective layer 60. It is anticipated that both
of these layers will be formed of the same material. Preferably, both layers
comprise silver, with the second, outer layer 60 being somewhat thicker than the
inner layer 30. Similarly, a second sacrificial layer 62 of niobiu'm or the like can be
applied over the second infrared-reflective layer 60 to help protect the second
infrared-reflective layer from oxiding or:nitriding during subsequent processing or
use.

An outer dielectric layer desirably is applied over the outer infrared-
reflective layer 60. The exact nature of this outer dielectric layer can be varied as
desired. Any of a wide variety of single layers or film stacks known in the art can
be used as the outermost layer or layers of the film stack. Optionally, none of the
layers of this outer film stack have a physical thickness of more than about 225
angstroms or an optical thickness of more than about 450 angstroms.

In the illustrated embodiment, an outer dielectric stack 70 is applied over
the sacrificial layer 62. This outer stack 70 may comprise, for example, zinc oxide
or zinc tin oxide applied at about 60-70 angstroms. A layer of tit'anium nitride 76
can optionally be sandwiched between layers of silicon nitride 74, 78 and this
sandwich is applied directly over a zinc oxide layer 72. gln one exemplary
embodiment, the innermost of these silicon nitride layers 74 is on the order of 20-
;50 angstroms thick, the tin oxide layer 76 is about 12-15 angstroms and the
outermost silicon nitride Iayer 78 is 150-180 angstroms. | |

As noted above, the present invention also contemplates a method of
producing a coated substrate, e.g., a coated glass article. In accordance with this
method, a substrate 12 having a surface 14 is provided. '. If so desired, this
substrate surface 14 may be prepared by suitable washing or chemical
preparation.
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The low-emissivity coating can optionally be deposited on the surface 14 of the
substrate 12 as a series of discrete layers. These layers can be deposited in any desired
fashion. In many cases, the layers will be deposited using a sputtering method, such as DC,
AC and/or pulsed DC sputtering. One preferred method of depositing these layers utilizes
DC magnetron sputtering, which is commonly used in the industry and one embodiment of
which i1s described in Chapin's U.S. Patent 4,166,018. Briefly, though, magnetron
sputtering deposition involves transporting a substrate through a series of low pressure
zones in which the various films that make up the film stack are sequentially applied.

"

Metallic films are sputtered from metallic sources or "targets," typically in an inert

atmosphere such as argon. To deposit a dielectric film, the target may be formed of the
desired dielectric itself (e.g., zinc oxide, titanium dioxide, or sub-oxides thereof). More
commonly, though, the dielectric layers are applied by sputtering a metal target in a
reactive atmosphere. To deposit zinc oxide, for example, a zinc target will be sputtered 1n
an oxidizing atmosphere; silicon nitride may be deposited by sputtering a silicon target
(which may be doped with aluminum or the like to improve conductivity) in a reactive
atmosphere containing nitrogen gas. The thickness of the films that are thus deposited may
be controlled by varying the speed of the glass substrate through the coating compartments
and by varying the power and sputtering rate of each individual target.

In certain embodiments, the invention provides a low-emissivity coating having a
middle coat comprising first and second film regions of zinc tin oxide separated by a film
region of tin oxide. Preferably, the first and second film regions of zinc tin oxide have a
combined thickness of at least about 300 angstroms. Also, the film region of tin oxide
preferably has a thickness of less than 100 angstroms, more preferably between about 5
angstroms and about 80 angstroms, and optimally between about 30 angstroms and 70
angstroms (e.g., about 40-60 angstroms). In some embodiments, the low-emissivity film
stack includes the noted middle coat and first and second stlver-containing infrared-
reflective layers, wherein the second (i.€., outer) infrared-retlective layer 1s positioned

directly on top of the second zinc tin oxide film region.
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In certain embodiments, the first zinc tin oxide film region comprises a
discrete (e.g., homogenous) layer of zinc tin oxide, the second zinc tin oxide film
region comprises a discrete (e.g., homogenous layer of zinc tiri oxide, the tin oxide
region comprises a discrete (e.g., homogenous) layer of {in oxidé. An embodiment of
this nature is illustrated in Figure 2.

Figure 2 schematically illustrates a substrate 112 bearing a low-emissivity

. coating including a middle coat 140 including a first film region comprising zinc tin

oxide 142 and a second film region comprising zinc tin oxide 146, these two regions
142, 146 being separated by a middle film region comprising tin oxide 144. An inner
dielectric layer 120 is applied on the surface 114 of the subétrate 112. Materials
useful for forming the inner dielectric layer are described above. The next layer in
the coating of Figure 2 is the first infrared-reflective layer 130. Materials useful for
fo'rming the infraréd-reflective layers have been described. In order to protect the first
infrared-reflective layer 130 during application of subsequent layers and during any
tempering operation, ‘a first sacrificial layer 132 is desirably applied over and
contiguous to the first infrared-reflective Iayer 130. Materials useful for forming the
sacrificial layer are described above. : | |

The middle coat 140 is positioned between the first infrared-reflective layer
130 and a second infrared-reflective layer 160. The middle coat 140 includes a film
region of tin oxide 144 between two zinc tin oxide film regions (i.e., a first film region
of zinc tin oxide 142 and a second film region of zinc tin oxide 146). The first film
region 142 and the second film region 146 preferably have a combined thickness of
at least about 300 angstroms. The film region ﬁ44 preferably includes or consists
essentially of tin oxide. The film region 144 preferably has a th:ickness of less than
100 angstroms, more preferably. between about 5'angstrdms and about 380
angstroms, and perhaps optimally between about 30 angstroms and about 70
angstroms. | |

The next layer of Figure 2 is the second infrared-reflective layer 160. Again,
materials useful for forming the infrared-reflective layers have been described. -In
order to protect the infrared-reflective layer 160 during application of subsequent
layers and during any tempering operation, a second sacrificial Iayer 162 is desirably
applied over and contiguous to the second infrared-reflective layer 160. Materials
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useful for forming the sacrificial layer have already been described. An outer layer

170 may optionally be provided over the second infrared-reflective layer 160 (and in
some cases$, over the second sacrificial layer 162). As noted above, the outer layer
170 may be a single layer or a film stack including more than one layer. In certain
embodiments, one or more nucleation layers can be positioned underneath each
infrared-reflective layer. Such a nucleation layer serves as a goéd foundation for the
infrared-reflective layer. The layer can include nickelchrome, nickel-titanium,
chromium, tungsten, tantalum or mixtures thereof. . |

In some embodiments of the middle coat, the first zinc tin oxide film region
comprises a graded film region having a substantially continuously increasing (as
measured moving further and further away from the substrate) concentratlon of 1in
oxide, while the second zinc tin oxide film region comprises a graded film region
having a substantially continuously decreasing concentration of tin oxide.
Optionally, there is at least some thickness of pure or substantially pure tin oxide
between the two graded film regions.

Figure 3 schematically illustrates a substrate 212 bearing a low-emissivity
coating including a middle coat 240 including a first film region comprising zinc tin
oxide 242 and a second film region comprising zinc tin oxide 246:, the two zinc tin
oxide regions 242, 246 being separated by a middle film region comprising tin oxide
244 Here, an inner dieléctric layer 220 is applied on the surface 214 of the substrate
212. The next layer.in the coating of Figure 3 is the first infrared-reflective layer 230.
In order to protect the infrared-reflective layer duﬂring application of subsequent
layers and during any tempering operation, a first sacrificial layer 232 is desirably
applied over and contiguous to the first infrared-reflectiye layer 230.

- The middle coat 240 is positioned between the first infrared-reflective layer
230 and a second infrared-refiective layer 260. The middle coat 240 includes a first
zinc tin oxide graded film region 242 having a substaritially coritinuously Increasing |
concentration of tin oxide and a second zinc tin oxide graded film region 246 having
a substantially continuously decreasing concentration of tin oxide. The first graded
film region 242 and the second graded film region 246 preferably have a combined

thickness of at least 300 angstroms. Preferably there is at least some thickness of

- substantially pure or essentially pure tin oxide between film regions 242 and 2406.
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The middle film region 244 preferably has a thickness of less than 100 angstroms,
more preferably between about 5 angstroms and about 80 angstroms, and optimally
between about 30 angstroms and about 70 angstroms.

The next layer of Figure 3 is the second infrared-reflectiv§ layer 260. In order

to protect the infrared-reflective layer during application of subsequent layers and

- during any tempering operation, a second sacrificial layer 262 Is desirably applied

over and contiguous to the second infrared-reflective layer 260. An outer layer 270
may optionally be provided over the second infrared-reflective layer 260 (and in
some cases, over the second sacrificial layer 262). As noted above, the outer layer

270 may be a single layer or a film stack including more than one layer.

Figure 4 schematically illustrates a substrate 312 bearing a low-emissivity
coating including three infrared-reflective layers and two middle coats 340 and 340'.
An inner dielectric layer 320 is applied on the surface 314 of the substrate 312.
Materials useful for forming the inner dielectric layér are described above. The nexti
layer is the first infrared-reflective layer 330. Materials useful for forming the infrared-

reflective layers have been described. A first sacrificial layer 332 is desirably applied

over and contiguous to the first infrared-reflective layer 330. Materials useful for

forming the sacrificial layer are described above.

A first middle coat 340 is positioned between the first inffared-reflective layer
330 and a second infrared-reflective layer 360. The first middle:'.fiooat 340 includes a
film region of tin oxide 344~betwéen two zinc tin oxide film regions (i.e., a first film
region of zinc tin oxide 342 and a second film region of zinc tin ?oxide 346). The first
film region 342 and the second film region 346 preferablyz. have a combined
thickness of at least about 300 angstroms. The film region 344 preferably includes or
consists essentially of tin oxide. The film region 344 preferably has a thickness of
less than 100 angstroms, more preferably between about 5 angstroms and about 80
angstroms, and perhaps optimally between about 30 angstroms and about 70
angstroms. A second sacrificial layer 362 is desirably aioplied 6ver and contiguous
to the second infrared-reflective layer 330.

A second middle coat 340’ is positioned between the second infrared-
reflective layer 360 and a third infrared-reflective layer 390. The second middle coat
also includes a film region of fin oxide 344’ between two zinc tin oxide film regions
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(l.e., a first film region of zinc tin oxide 342’ and a second film region of zinc tin oxide
346°). These film regions preferably have substantially the same thickness as
already described for the film regions of the first middle coat 340. A third sacrificial
layer 392 is desirably applied over and contiguous to the third Infrared-reflective
layer 390. An outer layer 370 may optionally be provided over the third infrared-
reflective layer 390 (and in some cases, over the third sacrifi"cial layer 392). As
noted above, the outer layer 370 may be a single Iéyer or a film stack including more
than one layer.

The invention also provides methods for depositing a coating containing a '
middle coat comprising a tin oxide film region sandwiched beiween (e.g., directly
between) first and second zinc tin oxide film regions. Generally, é method of forming
a coating is provided, comprising providing a glass substrate and forming a coating
on a major surface of the glass substrate, the coating containing a middle coat

comprising a tin oxide film region disposed between first and second zinc tin oxide |

film regions. In certain embodiments, the method comprises providing a glass

substrate and depositing in sequence from the substrate outwardly: «(i) an inner

-~ dielectric layer; (i) a first infrared-reflective layer; (iii)) a middle coat comprising a tin

oxide film region positioned between first and second zinc tin oxide film regions; (iv)
a second Inirared-reflective layer and v) an outer dielectric layer..

Preterably, the middle coat is deposited by sputtering, (optionally by AC or

- DC magnetron sputtering), although other methods are within the scope of the

Invention. In certain embodiments, the first zinc tin oxide film and the second zinc tin
oxide film regions are each formed by sputtering targets each containing zinc and

tin. Preferably, the first zinc tin oxide film region and the second zinc tin oxide film

region are each formed by sputtering targets each containing between about 11%

and about 16% tin by weight with the remainder being zinc atoms.

In cases where the middle coat includes graded film regions, the first film
region of zinc tin oxide is formed by depositing a subsfantially continuously
Increasing concentration of tin oxide, and the second film region of zinc tin oxide is
formed by depositing a substantially continuously decreasing concentration of tin
oxide. In other words, the middie coat can be deposited by arranging sputtering
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targets to produce a middle coat having the following structure: zinc tin oxide — tin oxide

— zinc tin oxide, where each arrow represents a gradual (with increasing distance from the
substrate) transition from one film composition to another.

Figure 5 depicts a sputtering apparatus that can be used to deposit a middle coat ot
the invention. Here, a substrate is conveyed through five sputtering bays, each optionally
being provided with an oxidizing atmosphere. The substrate is conveyed through a first
sputtering bay equipped with two targets each comprising zinc and tin. Next, the substrate
is conveyed through a second sputtering bay in which the first target comprises zinc and tin
and the second target comprises (e.g., consists essentially of) tin. Next, the substrate 1s
conveyed through a third sputtering bay equipped with two targets each comprising (e.g.,
consisting essentially of) tin. The substrate is next conveyed through a fourth sputtering
bay in which the first target comprises (e.g., consists essentially of) tin and the second
target comprises zinc and tin. Next, the substrate is conveyed through a fifth sputtering bay

equipped with two targets each comprising (e.g., consisting essentially of) zinc and tin.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A sheet-like glass substrate having first and second generally-opposed major
surfaces, at least one of the major surfaces bearing a low-emissivity coating, the coating

comprising, in sequence, from the substrate outwardly:

a) an inner dielectric layer:;
b) a first infrared-retlective layer;
C) a middle coat comprising a first zinc tin oxide film region, a tin oxide film

region, and a second zinc tin oxide film region, wherein said tin oxide film region 1s

positioned between said first and second zinc tin oxide film regions;

d) a second infrared-reflective layer; and
c) an outer dielectric layer.
2. The glass substrate of claim 1 wherein the tin oxide film region has a thickness of

less than 100 angstroms.

3. The glass substrate of claim 1 wherein the tin oxide film region has a thickness of

between about 5 angstroms and about 80 angstroms.

4, The glass substrate of claim 1 wherein the tin oxide film region has a thickness of

between about 30 angstroms and about 70 angstroms.

5. The glass substrate of claim 1 wherein the first and second zinc tin oxide film

regions have a combined thickness of at least 300 angstroms.

0. The glass substrate of claim 1 wherein the first and second zinc tin oxide film
regions are each sputter deposited from one or more targets each comprising sputterable

material containing between about 11% and about 16% tin by weight with the remainder

being zinc.
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7. The glass substrate of claim 1 wherein the second infrared-reflective layer 1s

positioned directly over the second zinc tin oxide film region.

8. The glass substrate of claim 1 comprising a blocker layer disposed between the first

infrared-reflective layer and the middle coat.

9. The glass substrate of claim 1 wherein all the film regions of the middle coat

comprise at least some tin oxide.

10. A sheet-like glass substrate having first and second generally-opposed major
surfaces, at least one of the major surfaces bearing a low-emissivity coating, the coating
comprising two infrared-reflective Silver-containing layers separated by a middle coat, the
middle coat comprising two zinc tin oxide film regions separated by a tin oxide film

region, the tin oxide film region having a thickness of less than-100 angstroms.

11.  The glass substrate of claim 10 wherein the tin oxide film region has a thickness ot

between about 30 angstroms and about 70 angstroms.

12.  The glass substrate of claim 10 wherein the low-emissivity coating comprises a
first infrared-reflective layer, a second infrared-reflective layer and a third infrared-
reflective layer and the middle coat deposited between both the first and second infrared-

reflective layers and the second and third infrared-reflective layers.

13. A method of producing a coated glass article, the method comprising: a) providing
a glass sheet; b) forming a coating on a major surface of the glass sheet by depositing the
following film regions in sequence from said major surface outwardly: 1) an Inner
dielectric layer; i) a first infrared-reflective layer; 1ii) a middle coat comprising a first zinc
tin oxide film region, a tin oxide film region, and a second zinc tin oxide film region; 1v) a

second infrared-reflective layer; and v) an outer dielectric layer.
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14. The method of claim 13 wherein the tin oxide film region 1s deposited at a
thickness of less than 100 angstroms.
15. The method of claim 13 wherein the tin oxide film region is deposited at a

thickness of between about 5 angstroms and about 80 angstroms.

16. The method of claim 13 wherein the tin oxide film region is deposited at a

thickness of between about 30 angstroms and about 70 angstroms.

7.  The method of claim 13 wherein the first and second zinc tin oxide film regions are

deposited at a combined thickness of at least 300 angstroms.

18. The method of claim 13 wherein the first and second zinc¢ tin oxide film regions are
each sputter deposited from one or more targets each comprising sputterable target material

containing between about 11% and about 16% tin by weight with the remainder being zinc.

19. The method of claim 13 wherein the second infrared-reflective film region is

deposited directly over the second zinc tin oxide film region.

20.  The method of claim 13 further comprising a blocker layer deposited between the

first infrared-reflective film region and the middle coat.

21. The method of claim 13 wherein all the film regions of the middle coat comprise at

least some tin oxide.
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Fig. 4
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Fig. 5
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